To assess the validity of myocardial imaging with potassium-43 (43K) early after the onset of ischemia, the left anterior descending artery was occluded with a balloon tip catheter in 32 intact anesthetized dogs. 'mTechnetium ventriculograms localized the left ventricle. 43K was administered intravenously and serial images were obtained in four views using an Anger camera with a pinhole collimator. The heart was arrested after 60 minutes and removed for imaging and tissue counts to ascertain extracardiac and geometric factors. In normals (group 1) left ventricular images were relatively homogeneous, except for the thin walled apex, both in vivo and in the isolated heart. Equilibration with 43K prior to ischemia (group 2) gave similar images to group 1, associated with a small reduction in tissue counts after one hour of ischemia. Group 3 was infused with 43K after initiation of ischemia. Despite a reduction of 43K OALTHOUGH TECHNETIUM LABELED COM-POUNDS may provide valid scintillation images of infarcted myocardium in vivo' 2 positive images are not usually detected until 12 or more hours after the onset of infarction. Radionuclides of the potassium series have been suggested for earlier detection of ischemia3 I or infarction.5-7 Uptake of these isotopes by the normal areas of myocardium should provide substantial contrast with regional areas that are acutely underperfused or scarred, which are seen as cold areas. However, several sources of error by this technique may obscure the cold image. These include the radioactivity of intracardiac blood, thoracic musculature, lung, liver and the normally perfused myocardium contiguous to or superimposed on the collimated field of view.
SUMMARY To assess the validity of myocardial imaging with potassium-43 (43K) early after the onset of ischemia, the left anterior descending artery was occluded with a balloon tip catheter in 32 intact anesthetized dogs. 'mTechnetium ventriculograms localized the left ventricle. 43K was administered intravenously and serial images were obtained in four views using an Anger camera with a pinhole collimator. The heart was arrested after 60 minutes and removed for imaging and tissue counts to ascertain extracardiac and geometric factors. In normals (group 1) left ventricular images were relatively homogeneous, except for the thin walled apex, both in vivo and in the isolated heart. Equilibration with 43K prior to ischemia (group 2) gave similar images to group 1, associated with a small reduction in tissue counts after one hour of ischemia. Group 3 was infused with 43K after initiation of ischemia. Despite a reduction of 43K OALTHOUGH TECHNETIUM LABELED COM-POUNDS may provide valid scintillation images of infarcted myocardium in vivo' 2 positive images are not usually detected until 12 or more hours after the onset of infarction. Radionuclides of the potassium series have been suggested for earlier detection of ischemia3 I or infarction.5-7 Uptake of these isotopes by the normal areas of myocardium should provide substantial contrast with regional areas that are acutely underperfused or scarred, which are seen as cold areas. However, several sources of error by this technique may obscure the cold image. These include the radioactivity of intracardiac blood, thoracic musculature, lung, liver and the normally perfused myocardium contiguous to or superimposed on the collimated field of view.
This study was designed to evaluate the use of 43K tor myocardial imaging during early ischemia in an animal model. For validation of the in vivo images obtained in multiple views, these pictures were compared with those obtained with the heart isolated, the myocardium en face and direct counts of tissue samples.
Methods
Healthy mongrel dogs weighing from 20-28 kg were anesthetized with morphine sulfate 3 mg/kg and pheno-counts in the ischemic area to less than one-fourth of the nonischemic site (P < 0.001), demonstration of a "cold area" in vivo was inconstant, occurring in only 34% of studies. Lead shielding did not improve accuracy. In the isolated heart the ability to detect the cold area was improved to 73%. However, when the left ventricle was incised and spread flat, so that low and high activity areas were contiguous rather than superimposed, a widespread area of ischemia was present without exception in the anterior wall. Use of a rectilinear scanner in seven animals failed to improve diagnostic yield; areas of reduced radioactivity were seen at the apex in normals by both techniques. Thus, while detection of low flow areas in the isolated heart is feasible by isotopic imaging early after the onset of ischemia, both extracardiac and geometric factors can contribute to qualitative and quantitative errors in vivo. barbital 12 mg/kg. Respiration was regulated with a Harvard respiratory pump connected to an endotracheal tube, so that arterial PO2 and pH were maintained within the normal range. Catheters were placed in the ascending aorta, left ventricle and femoral vein for pressure recordings and infusions of isotope.
Myocardial scintillation images were obtained with the chest intact in normals and during acute ischemia to maintain the normal extracardiac-cardiac anatomic relations. Three groups of animals were studied. Group 1 consisted of seven normal dogs which received 43K intravenously. Myocardial images were obtained up to 60 minutes after isotope delivery' with the chest intact using multiple views: the left anterior oblique 600 and 30°, anteroposterior and the right anterior oblique 30°. Subsequently images were obtained of the isolated heart and finally with the right ventricle and atria removed. Group 2 consisted of six dogs that received an infusion of 43K 15 minutes prior to coronary occlusion and were imaged as above. Group 3 consisted of 32 animals undergoing ischemia, receiving 43K 10 minutes later and imaged as in group 2. In two of these dogs, control scintigrams were performed in multiple views one week prior to induction of acute ischemia. The corresponding views were compared before and during acute ischemia in the same animal. Sixty minutes after the infusion of the isotope, sections of tissue from ischemic and nonischemic areas were taken for determination of the concentration of tracer.
Production of Ischemia
For the ischemia studies, a double lumen balloon-tip catheter was positioned in the proximal 1.5 cm of the left anterior descending artery (LAD) under fluoroscopic control. The balloon was inflated over a period of 30 seconds Vol. 53, No. 1, January 1976 while aortic pressure, peripheral coronary pressure and ECG were continuously monitored. Complete coronary occlusion was evidenced by a reduction of mean peripheral coronary pressure to approximately 20 mm Hg and the appearance of an injury potential in standard lead I. The area of left ventricle rendered ischemic was assessed by distribution of Evans blue dye injected via the LAD catheter at the end of the experiment.
43K was obtained as potassium chloride from Oak Ridge National Laboratories, Oak Ridge, Tennessee.* The isotope was injected systemically in doses ranging from 300-700 gCi in normals, 20 minutes before ischemia in group 2 and about 10 minutes after the onset of coronary occlusion in group 3. Serial scintillation images were obtained in multiple views beginning 2-5 minutes after the injection and periodic blood samples were taken to determine 43K activity. Images were obtained with an Anger scintillation camera (Nuclear-Chicago H.P. Pho/Gamma) using a pinhole collimator placed 3-4 cm from the chest wall. Using an energy setting of 370 KeV and a 20% window, up to 150,000 counts were collected in each view and images were recorded on polaroid film. To delineate the location of the left ventricle in the intact animal, Imtechnetium pertechnetate (99mTc) was injected directly into the left ventricle via a catheter prior to 43K and imaged quickly at 140 KeV. In the later 14 in vivo studies a 2-inch lead shield was placed around the collimator aperture to reduce lateral collimator penetration of high energy radiation from extracardiac sites. The studies performed with and without the lead shield were assessed separately for detection of cold images in vivo.
After 50-60 minutes of ischemia the heart was arrested with iced Ringer's lactate in the pericardial space. The great vessels were clamped and the heart removed along with the blood in the chambers. Images were repeated in multiple views. The isolated heart was placed under the detector at a distance of approximately 7 cm in such a manner that images could be recorded in the four views corresponding to those taken in vivo. Subsequently, the left ventricle was opened along the posterior interventricular groove and spread flat after removing the right ventricle, atria and great vessels. Images were repeated at the same collimator to heart distance. A thin silicon tubing containing 99mTc was used to mark the borders and apex of the isolated and unrolled flat heart as well as the course of the LAD on the epi-*Supplied through courtesy of Dr. J. K. Poggenburg. cardial surface. An overlay of these ssmTc loop images was superimposed on the 43K images for anatomic orientation. Finally sections of tissue from myocardium, liver, lungs, intercostal muscles and diaphragm were obtained to determine radioactivity in a well type gamma scintillation counter with correction for the decay of tracer. To measure the concentration of tracer, two to three sections were taken from the inner one-third and outer two-thirds of the left ventricular ischemic as well as nonischemic myocardium, anterior and posterior septum, right ventricle, and both atria. To approximate the contribution from each chamber of the heart a separate group of six normal animals with similar body weight range had hearts dissected to determine chamber weights.
43K images were interpreted by two observers independently without knowledge of protocol and assessed in multiple views as normal, abnormal or equivocal based on the comparison with 43K distribution in the corresponding views of the control animals.
To ascertain whether a rectilinear scanning system would provide a greater yield of diagnostic images, four normals and seven animals undergoing ischemia were studied. The rectilinear scanner (Raytheon) had a 5-inch crystal and a high energy 85-hole collimator with focal depth of seven centimeters. These studies were performed at an information density of 800 to 1000, scan speed of 100 cm/min, line spacing of 3 mm and a scan duration of up to 10 minutes. The window setting was 350-390 KeV with 40% contrast enhancement. Studies were feasible only in the isolated and flat heart, since whole animals were not permitted in the Nuclear Medicine facility of the hospital. The same distance of 7 cm from collimator to the surface of the heart was employed. Scintigrams obtained by the Anger camera and rectilinear scanner in the same animals were compared in terms of relative yield of diagnostic information. To further evaluate the imaging capabilities, a thyroid phantom filled with 50 ,uCi of 43K was imaged with both the camera and rectilinear scanner, using instrument settings described above.
Results

Tissue Counts
The data on 43K distribution in samples of cardiac muscle is presented for the three groups. The distribution of isotope in ventricular samples from the normals of group I taken up to 60 minutes after 43K administration was found to be almost homogeneous (table 1). The concentration of isotope in the left ventricular myocardium and septum was found to vary in the same heart by an average of 5.4%. When 43K was injected prior to coronary occlusion in group 2, relatively minor changes in 43K tissue counts were observed in the inner wall of the ischemic areas as compared to the nonischemic area after 60 minutes of ischemia (table 2). Infusion after the onset of ischemia in group 3 was associated with substantially lower isotopic activity in the ischemic area ( fig. 1 ). The average radioactivity in the ischemic inner wall was 17 ± 3% (mean ± SEM) of that in the control area (P < 0.001) and was significantly less than in the outer wall (P < 0.01).
43K cleared rather rapidly from the blood following intravenous injection. The average concentration of nuclide in whole blood 60 minutes after its administration, when compared to the initial peak concentration at 1-2 minutes, was 14.8 ± 3.8%. At this time the normal isolated heart contained 44 times (range 30-72) as much 43K as whole blood when normalized for radioactivity per unit weight. The relative contribution of each chamber to total counts was calculated from radioactivity per gram and the weight of each chamber. Left ventricular free wall and septum accounted for 69.7%, the right ventricle 23%, the right and left atria 3.5% and 3.8%, respectively. To assess the potential contribution of extracardiac sources to the images obtained in vivo, samples of tissue from proximate organs were assayed (table 3 ). In addition to the high activity in heart and liver, lung tissue frequently contained equivalent amounts of isotope, diaphragm somewhat less and intercostal muscles the least.
In Vivo Images
Myocardial images of the normal animal in four views with the chest intact are presented in figure 2A . In the nor- 1 Relative concentration of 43K in the inner and outer layers of ischemic area, normalized to counts in the nonischemic area. Vertical axis represents the ratio of tissue radioactivity (counts/minlg) between the appropriate ischemic site and the counts in the ventricular samples from the nonischemic area expressed as mean and standard error of the mean. The data were obtained from 29 dogs with an average of two to three samples of tissue from each location.
mal animal there was a small area of reduced radioactivity as ascertained by superimposition of the "3K images on the left ventricular cavity image obtained from the 99mTc ventriculogram. The area of reduced activity over the apical region was most evident in the 60°LAO view in most of the studies, while the remaining left ventricle displayed relatively homogeneous activity. In vivo images of group 2 animals did not differ from those of normal animals. Corresponding views in the ischemic animals of group 3 ( fig. 2B ) revealed an area of low activity in the apical region that was found to be no larger than that observed in normals in a majority of experiments. Radioactivity from the liver was generally distinct from the cardiac image. When the two animals with control studies obtained one week earlier were compared with images obtained 60 minutes after ischemia, no definite cold area which could be interpretable as abnormal was demonstrated.
Isolated Heart
Images of the isolated heart in several views after induced arrest are shown in figure 3A . In the normal animal there was a small area of reduced activity at the apex and over the right ventricular region due to relative thinness of the myocardium, approximately one-third of the left ventricular free wall thickness. The actual concentration of 43K/g of tissue in the right ventricle and right atrium was not significantly different from that of the left ventricular muscle (table 3). In the ischemic myocardium, the area of reduced radioactivity over the apex was more evident (fig. 3B ), and extended laterally over the free wall of the left ventricle in many, but not all animals.
Left Ventricle En Face
The most pronounced differences in the distribution of radioactivity by imaging were seen when the left ventricle and septum were exdised and spread flat. In the normal heart shown in figure 4A , a small area of reduced radioactivity was consistently observed at the peripheral and apical regions due to varying thickness of the left ventricular free LAO 600 LA0300 wall and septum. In the ischemic ventricle, however, there was a distinct triangular cold area of reduced activity involving the apex, anterior left ventricular free wall and anterior septum ( fig. 4B ), corresponding to the area of reduced 43K tissue counts depicted in figure 1 The course of the left anterior descending artery (LAD) on the image was traced from 99mTc markers (interrupted lines). In the normal ventricle (A) there is reduced radioactivity seen at the periphery and the apical region due to thinness of the wall at these locations. In the ischemic ventricle (B) there is a distinct triangular area of reduced radioactivity involving the left ventricle and septum (arrows).
face is summarized in table 4. Use of the lead shield resulted in a higher yield of counts from the heart. The isolated heart in this instance represented 42.4 14.8% of the counts recorded from the precordium in the intact animal as compared to 29 ± 12% without shielding. The demonstration of a definite cold area with the chest intact using multiple views was inconstant, occurring in only 34% of the studies as judged by two independent observers examining each image as unknown. Although the lead shield improved the quality of in vivo images, diagnostic accuracy was not improved as indicated by the numbers in parenthesis (table 4) . While the 60°LAO view provided the highest yield of positive results, the RAO view was positive in only 8%. In the isolated heart, the ability to demonstrate an abnormal cold area was improved substantially to over 70%. However, the actual area of reduced radioactivity was grossly underestimated as judged by comparison with the image of the flattened heart and the extent of ischemia by injection of Evans blue dye distal to the coronary obstruction.
A representative comparison of the images of the isolated heart and heart en face obtained by both Anger camera and rectilinear scanner from one of the four normal animals is shown in figure 5 and from one of seven ischemic animals in figure 6 . In the normal animal, by either technique, there was an area of reduced radioactivity over the apical region of the left ventricle. In the ischemic animals studied by both techniques, the images in the intact isolated heart and heart en face were comparable in regards to the size of the area of decreased perfusion. Although the cold area seen in the scanner image of the intact isolated heart in figure 6 is slightly more evident than the camera image of the same heart, this was not the case in the rest of the six comparative ischemic studies. The true extent of the cold area in the isolated heart was grossly underestimated by either technique when compared to the flattened heart.
Phantom studies comparing the imaging capability of camera and rectilinear scanner using the same conditions as in the studies of heart are demonstrated in figure 7 . The camera image detected both 1 cm cold areas and just barely detected the 0.5 cm cold area located in the lower right portion of the image. The rectilinear scanner only depicted the 1 cm cold area located in the lobe on the left, which has twice the radioactivity of the right lobe.
Discussion
These experiments were designed to assess the role of extracardiac and geometric factors in affecting the reliability of myocardial images during acute ischemia in the intact dog. The isotopes of potassium and its analogues are known to be well concentrated in normal cardiac muscle.8'1 As a consequence, when the isotope is administered prior to the onset of ischemia, the potential for detection in the first hour would be expected to be limited since the loss of potassium from ischemic tissue is relatively small in this period.'2 This was the case for the animals of group 2.
The process of 43K accumulation was substantially limited in ischemic tissue when the isotope was administered after coronary artery occlusion. The resultant cold area seen on scintillation scans after occlusion of the anterior descending artery was unequivocal when the isolated heart was incised and placed flat. This removed from collimator view the high activity areas superimposed on the cold area and provided good contrast with the contiguous high activity areas.
Radioactivity from the posterior wall and septum would thus appear to be a predominant factor obscuring the low radioactivity area, since the heart en face demonstrated a cold area essentially equivalent in size to the ischemic area, as determined by dye injected distal to the coronary artery obstruction. This approximated one-third of the total left Numbers in parenithesis refer to in vivo images obtained with lead shield anid expressed as percentage forn 1.4 studies.
Other iltinbers in vivo refer to images obtainied without lead shield aind expressed as percenltage from 18 studies.
Images of the isolated heart and heart eni face were obtained without lead shield and the inumbers represenits the assessment of images expressed as percentage in 32 sttudies.
A B FIGURE 5 Comparison of myocardial images obtained by Anger camera (A) and rectilinear scanner with 40% contrast enhancement (B) in a normal animal. In the intact isolated heart in the LAO 600 view (upper panels) there is a small area of reduced radioactivity in the apical region which is visualized by either technique. In the images obtained with left ventricle excised and spreadflat (lower panels) there is reduced radioactivity seen at the periphery and apical regions which is slightly more pronounced in the scanner image but distinct from images of the ischemic ventricle as seen in figure 6. ventricular and septal weight, averaging 34 grams in accord with a previous study.'3 This size is similar to some fatal human cases of myocardial infarction without shock." Presumably when ischemia is predominantly subendocardial rather than transmural, the higher isotopic concentration in the overlying outer wall would increase the difficulty of identifying the subendocardial ischemic zone. After 43K was substantially cleared from the blood during in vivo studies, the extracardiac sources which contained significant radioactivity included pulmonary tissue, liver, diaphragm and to a lesser extent the thoracic wall musculature. Removal of this isotopic activity in the isolated heart study substantially improved the ability to image the ischemic area. It should be noted that the hepatic tissue was A B usually separable from anterior myocardial ischemia particularly in the LAO view in vivo, so that reduction of liver activity by fasting and upright posture3 or exercise' would presumably not affect detection of ischemia at this location. However, these techniques may be helpful when there is ischemia of the inferior wall.
Since a rectilinear scanner may have some advantages for detection, seven animals undergoing ischemia were compared by both systems. Since animals were not permitted in the hospital facility, whole animal studies were not feasible and only isolated heart and the myocardium en face were assessed. The cold area was either similar to that seen in the study of normals with scanning, even after employing contrast enhancement, or was grossly underestimated in size as was obtained at an energy setting of350 to 390 Ke V and a 40% contrast enhancement, with a distance of 7 cm between the collimator and the mid-thickness of the phantom. Note the two cold areas clearly seen in the camera image while only one of these cold areas, located in the lobe on the left which has twice the radioactivity of the right lobe, is detected by the scanner, compared to the flat heart. Thus, no greater yield of positivity was found with the rectilinear system. In addition we have compared the two techniques in a simple test system, imaging the standard thyroid phantom filled with 4"K. The camera produced a more complete image and demonstrated the difference in radioactivity between the thin and thick "lobes." Using a 40% contrast enhancement and low count suppression with the scanner, the contrast between the two lobes was exaggerated and the thin lobe became nearly invisible. Comparison of this image without contrast enhancement revealed that the latter technique reduces the outside dimensions of the image, and increases the apparent size of defects. A supplementary lead shield was employed to reduce gamma ray penetration of the side walls of the pinhole collimator. The lead shield eliminated "edge-packing" and greatly reduced the nontarget contribution to the periphery. However, there was little change in the central portion of the image which was also demonstrated during imaging of the thyroid phantom with and without the lead shield. This may explain the failure of the shield to improve diagnostic accuracy of 4"K images of the heart in the intact dog when the left ventricle is positioned in the center of the image after localization with an injection of 95"Tc.
In a prior study using '2'Cesium for detection of early and late experimental infarction,15 four dogs were imaged in the early hours of ischemia. The isotope was infused prior to coronary ligation and a small defect occurred at one hour in only two animals. Even in these two there was no assurance that this was not a reflection of apical wall thinness as myocardial isotope concentration was declining. There also was no independent assay of isotope distribution between ischemic and nonischemic myocardium. These findings contrast with our own studies in which injection prior to ischemia was associated with no definite ischemic image in the animals of group 2. This was attributed to the relatively small loss of 4"K in the first hour of ischemia that is largely limited to subendocardium. A recent study of patients with angina from the same laboratory demonstrated the difficulty of detecting early ischemia, when none of the subjects infused with "'Cesium were found to have cold images.'6 This finding may be due to the delayed clearance of '2'Cesium from the myocardium. In contrast to the early ischemic period, scintigrams taken at 24-72 hours of infarction appear to have a high degree of accuracy," '7 that may well be related to the progressive reduction in radioactivity with time in the opposite nonischemic wall.
These studies emphasize the need for isolation of the ischemic area for imaging in order to achieve a high rate of accuracy in the early ischemic period in vivo. This was not obtained in our study despite a relatively large ischemic area, approximating 4.0 cm long by 3.5 cm wide, in the greatest dimensions. A higher degree of accuracy may be available with a tomographic system,'8 although corrections for varied wall thickness may still be required. Rubidium-81 has been assessed in patients and appears to give images which compare favorably with 43K scans.'9 Alternatively, a lower energy isotope, Thallium-201, concentrating in the normal myocardium may substantially reduce the amount of radioactivity from hot areas overlying the ischemic site and thus provide a more suitable tracer for imaging.20 An initial report has indicated that computer processing of images to eliminate extracardiac activity may substantially improve diagnostic accuracy.2' However, the quantitative accuracy of these in vivo methods needs to be assessed with isolated heart studies.
In a clinical setting, scar from previous infarction may frequently be present. Exclusion of scar associated with acute ischemia may not be feasible using potassium analogues. However, if located on the wall opposite the acute ischemic process, visualization of the latter may be substantially improved, since scar tissue accumulates only SUMMARY Clinical and angiographic features of 31 patients with anomalous coronary artery origin are reviewed. Of 17 aberrant circumflex arteries from the right sinus of Valsalva or artery, each was retro-aortic, six atherosclerotic, and seven irrigated a small area of myocardium. Of seven anomalous right coronary arteries from the left sinus of Valsalva or artery, each was ante-aortic and two atherosclerotic. Aberrant origin of the circumflex or right coronary artery was a benign anomaly. The proximal course of seven aberrant left coronary arteries from the right sinus of Valsalva or right coronary O THE WIDESPREAD APPLICATION of coronary arteriography has resulted in more frequent detection of patients with anomalous coronary artery origin. Clinical interest in these rare anomalies has increased since sudden death has been reported to be a complication of aberrant left coronary origin from the right coronary artery or right sinus of Valsalva when the proximal course of this vessel is between the aorta and pulmonary artery.1`6 The predisposing factors which lead to sudden death in some patients with artery was related to clinical events. The anomaly was best demonstrated in the lateral view. In five cases, coronary blood flow during exercise and myocardial metabolism during pacing were assessed. Two had had a previous infarction with nonatherosclerotic arteries. Exercise coronary blood flow was normal in four and low in one patient. Pacing resulted in lactate production in two with atherosclerotic and one without atherosclerotic arteries. We conclude that anomalous left coronary origin from the right sinus of Valsalva can result in significant myocardial ischemia and infarction.
this anomaly are unknown. Coronary vascular hemodynamics have not been studied in a systematic manner because the diagnosis of this anomaly is rarely made antemortem. We have reviewed the clinical and angiographic features of 31 patients with anomalous coronary artery origin and have assessed the coronary vascular responsiveness to pacing-induced tachycardia -and exercise in a subgroup of five patients with aberrant left coronary origin from the right coronary artery or right sinus of Valsalva.
Material and Methods A review of 3,750 patients having coronary arteriography performed at the Montreal Heart Institute between January 1, 1972, and May 1, 1975, revealed 31 adults with anomalous coronary artery origin. Selective coronary arteriograms were performed by -a percutaneous transfemoral ap-
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